Nucleotide Sequence of the Haemagglutinin Gene of Influenza Virus
A/England/321/77 (Accepted 29 July 1982) 
S U M M A R Y
The complete nucleotide sequence of the haemagglutinin gene of influenza virus A/England/321/77, as determined from cloned D N A , is presented. The structure of the haemagglutinin protein encoded is compared to those of A/Victoria/75, A/Bangkok/79 and a previously published 1977 strain, A/Texas/77.
Over the past few years, the primary structures of several influenza virus haemagglutinins (HA) have been determined in an attempt to reveal the molecular basis of antigenic changes underlying the generation of new influenza epidemics. Initial studies mainly involved polypeptide analyses, but recent data have come primarily from nucleotide sequencing (for reviews, see Ward 1981 ; Webster et al. 1982) , since the eight individual genomic R N A segments of influenza virus provide particularly suitable substrates for gene cloning. The haemagglutinin H3 (Hong Kong) series is the best studied subtype and X-ray diffraction work on crystallized H A from one of this group (A/Aichi/2/68) has provided the first 3-dimensional model of a glycoprotein from an enveloped animal virus (Wilson et al., 1981) . Comparison of sequences from members within the H3 group and partial analysis of the structure of mutants selected in the presence of monoclonal antibody have revealed much about the molecular basis of antigenic drift Wiley et al., 1981 ; Webster et al., 1982) .
As part of a study initiated with the aim of producing synthetic antigen from cloned D N A , we have determined the nucleotide sequence of the H A gene of a further member of the H3 subtype, A/England/321/77. This report documents this sequence and discusses it in relation to the previous studies mentioned above. pLS4 was digested with ClaI (position 23 in pAT) and radioactively labelled with [ct-32p]dCTP using the fill-in reaction of DNA polymerase I (Klenow fragment). The radioactive pLS4 was further digested using SphI (position 561 in pAT) and the larger fragment isolated. This fragment was partially digested with the restriction enzymes indicated, according to the method of Smith & Birnstiel (1976) , and subjected to electrophoresis on a 1-2~ agarose gel. The dried gel was exposed to Kodak X-Omat S film. i.--,
Short communications
Sequence analysis of the HA gene (RNA segment number 4) of A/England/321/77 was carried out on two cDNA-containing recombinant plasmids, designated pLS4 and pLS6 (R. Hauptmann et al., unpublished results) . Both of these plasmids contain full length copies of the HA gene. pLS4 was used for all sequencing except for the 50 bases corresponding to the 3' end of virion RNA. For this region it was necessary to use pLS6 because of difficulties in subcloning the particular end fragment of pLS4 into M13-mp9 (see below). As a preliminary to gene sequencing, pLS4 was characterized by restriction mapping. Endonuclease digestion revealed the presence of an internal PstI site, as well as PstI sites at each end of the molecule generated during cloning. Internal sites for EcoRI, BamHI and HindIII were also detected (Fig. 1) . The absence of sites for ClaI and SphI in the insert facilitated a more detailed restriction mapping by the method of Smith & Birnstiel (1976) (Fig. 1) . This information was later of value in developing the sequencing strategy, as follows. Because of the location of PstI sites, the influenza virus-specific moiety of pLS4 was excised and isolated from agarose gels as two DNA fragments of approximately 930 and 870 base pairs. From the data presented in Fig. 1 , it can be seen that the enzymes Sau3A and AluI generate fragments whose sequence determination 200 to 250 bases from each end would cover the entire cDNA insert with adequate overlap. Accordingly, AluI and Sau3A digests were ligated into Sinai-or BamHI-cleaved M13-mp8 for internal fragments, and PstI-and Sinai-or BamHI-doubly digested M13-mp8 and mp9 for end fragments (Messing et al., 1982; J. Messing, unpublished results) . DNA from M13 white plaques generated by this procedure was sequenced by the dideoxynucleotide method of Sanger et al. (1977) . Data generated were analysed using programs designed by Staden (1980) , adapted for a Digital PDP11/44 computer.
As mentioned above, problems were encountered with the region at the vector--cDNA junction of the larger PstI fragment, corresponding to the 3' end of virion RNA. The PstISau3A fragment from this part of the cDNA, in pLS4 or pLS6, cloned into M13-mpS, was impossible to sequence (even when deoxyinosine triphosphate was used to replace dGTP) because of disturbances caused by the oligo(dC) tract on the template (Smith, 1980) . We were repeatedly unable to obtain this fragment from pLS4, cloned in the opposite orientation in M 13-mp9, but encountered no problems cloning the corresponding fragment from pLS6. The only detectable difference between these two plasmids at this end of the cDNA was the length of the dG-dC tract (20 to 30 in pLS4 compared with 10 in pLS6).
The nucleotide sequence of the HA gene of A/England/321/77 as determined from pLS4 and pLS6 is presented in Fig. 2 . This sequence of 1807 nucleotides (including homopolymer tracts) represents the entire gene 4 of this strain plus at least 11 host-derived bases originating from the 5' end of the HA mRNA (Plotch et al., 1979; Dhar et al., 1980; Caton & Robertson, 1980) . Also present are two A residues between the homopolymer tract and the end of the cDNA corresponding to the 5' end of virion RNA. We have no explanation for the presence of these. Approximately 90 ~ of this sequence, including all regions showing differences from published sequences for A/Victoria/75 and A/Bangkok/79 (see below) was derived from independent reactions on both strands of the cloned cDNA. Notwithstanding the argument that sequences derived from cloned DNA may not accurately represent the sequence of the majority of viruses in a population (e.g. see Both & Sleigh 1981) , we feel that the following discussion of our data is appropriate.
The most closely related H3 strains to be sequenced by similar methods are A/Victoria/75 and A/Bangkok/79 (Min-Jou et aL, 1980; Both & Sleigh, 1981) , although data for A/Texas/77 are available from polypeptide studies . Comparison of the A/England/77 sequence with those mentioned above (depicted in Fig. 2 ) reveals, as expected, broad similarity. There are 12 differences in coding function (including two in the signal sequence) between A/England/77 and A/Victoria/75. None of these is in the region encoding H2. As compared with A/Bangkok/79 (signal sequence unknown) there are nine differences, again all in HA1. Apart from amino acid 193, which is uniquely lysine in A/England/77, the differences between A/Victoria/75 and A/England/77 are a precise subset of the differences between A/Victoria/75 and A/Bangkok/79, again indicating the close genealogical relationship of these strains.
Comparison with the available amino acid sequence for A/Texas/77 reveals, expectedly, even
